Klebsiella pneumoniae is responsible for nosocomial infections causing significant morbidity and mortality. Treatment of newly emerging multi-drug resistant strains is hampered due to severely limited antibiotic choices. Passive immunization targeting LPS O-antigens has been proposed as an alternative therapeutic option, given the limited variability of Klebsiella O-antigens. Here we report that the O3 serogroup, previously considered to have uniform O-antigen built of mannan, represents three different subtypes differing in the number of mannose residues within the O-antigen repeating units. Genetic analysis of the genes encoding mannose polymerization revealed differences that underline the observed structural alterations. The O3 variants represent antigenically different types based on the different reactivity pattern of murine monoclonal antibodies raised against a K. pneumoniae O3 strain. Typing of a collection of K. pneumoniae O3 clinical isolates showed that strains expressing the novel O3b antigen, the tri-mannose form, were more prevalent than those having the penta-mannose form, traditionally called O3, while the tetra-mannose variant, termed here O3a, seems to be rare. A monoclonal antibody cross-reacting with all three O3 sub-serogroups was also selected and shown to bind to the surface of various K. pneumoniae strains expressing different O3 subtypes and capsular antigens.
O-antigen polymer. A single point mutation in one of the mannosyltransferase domains of WbdA in E. coli O9 results in the reduction of 5 mannose molecules to 4 within the RU 16 . The WbdD enzymes are responsible for the serogroup-specific termination 17 . O-PS termination is the signal for ABC-mediated transport across the inner membrane 18 followed by the ligation of O-antigens to the preformed lipid A-core templates.
In this study, we describe novel K. pneumoniae O3 subtypes that express O-antigen RUs comprising 3 or 4 mannoses in contrast to the 5 mannoses originally described. The novel variants carry mutations in the mannosyltransferase domains of WbdA, which can explain the observed structural differences. Moreover, in support of the clinical significance, we have selected two classes of mAbs that are either specific to certain subtypes or cross-reactive to all O3 variants and therefore can be considered for diagnostic (seroepidemiology) or therapeutic purposes, respectively.
Results
Development of mAbs with different specificity to O3 strains. Mouse hybridomas were generated using splenocytes from BALB/c mice immunized with K. pneumoniae prototype strain PCM-11 (O3:K11: this strain, in fact, is proven in this study to express an O3a type O-antigen). Reactive clones specific to the purified and biotinylated O-PS of a non-encapsulated mutant, K. pneumoniae 5505Δcps (O3:K-) were selected by screening hybridoma supernatants by ELISA. Subsequently, the purified mAbs were tested by immunoblotting with a panel of LPS samples obtained from different K. pneumoniae O3 clinical isolates identified by O3-specific PCR using primers specific to the wzm genes ( Fig. 1) . Interestingly, two classes of mAbs were found: i) those reacting with LPS from all O3 strains (exemplified by mAb 2F8, Fig. 1a ) and ii) those showing different binding intensities (from strong to negligible binding) to LPS from various O3 strains (as shown with mAb 1G6, Fig. 1b ). None of these mAbs stained any of the non-O3 LPS molecules, such as O1, O2, and O5 ( Fig. 1, lanes 1, 2, and 3 , respectively) indicating lack of poly-reactivity.
Three O3 strains exhibiting different binding to mAb 1G6 ( Fig. 1b) , i.e. PCM-11 (the immunizing strain), Kp14 (showing a weak but detectable binding) and Kp82 (with negligible binding) were selected for flow cytometry analysis in order to investigate mAb binding to native antigens on the surface of live bacteria (Fig. 2 ). The immunizing strain was stained comparably strong by mAbs 1G6 and 2F8. In contrast, strain Kp14 was stained much weaker, while strain Kp82 was not bound at all by 1G6. All O3 strains showed comparably strong surface binding to the cross-reactive mAb 2F8. These data correlated well with the immunoblotting results ( Fig. 1) . To confirm the surface staining pattern observed with the two mAbs, a larger panel of O3 clinical isolates identified by PCR were tested by surface staining (Suppl. Fig. 1 ). While all strains were stained by mAb 2F8 independent of their capsule type, mAb 1G6 showed binding only to a subset of clinical isolates. The concordant flow cytometry ( Fig. 2 ) and immunoblot data ( Fig. 1a,b) , together with the different staining pattern observed for the separated LPS molecules (Fig. 1c ), suggested that structural differences among the O3 O-PSs could be responsible for the different binding to the various antibodies. However, the different types were likely to share common epitopes as well, which was corroborated by the selection of the cross-reactive mAb (2F8).
Structural analysis of various O3 subtypes.
O-specific polysaccharides (O-PS) isolated from three strains (PCM-11, Kp81 and 5505Δcps), representing the putative different structural variants, were analysed by chemical methods (sugar and methylation analyses), NMR spectroscopy, and MALDI-TOF mass spectrometry (MS). Combined results of sugar and methylation analyses (data not shown) confirmed the presence of 2-and 3-substituted mannopyranoses (Manp).
The average molecular weights of the O-PS RUs were determined by negative ion mode MALDI-TOF MS ( Fig. 3 ). Mass spectra revealed clusters of ions attributed to different lengths of O-PS with average monoisotopic mass differences of 486.5, 648.5 and 810.2 Da matching the calculated monoisotopic mass of RUs composed of 3 (486.16 Da), 4 (648.21), or 5 (810.26) Man, respectively. Due to the high laser power level used to improve polysaccharide ionisation, all mass spectra showed partial in-source degradation of the O-PS reflected by ions with (Fig. 3b ).
The complete assignments of 1 H and 13 C resonances for all three O-PSs were performed by interpretation of one-and two-dimensional NMR data (Table 1) , including COSY, TOCSY, NOESY, HMBC, HSQC-DEPT, and HSQC-TOCSY. The 1D 1 H NMR ( Fig. 3 ) and 1 H, 13 C HSQC-DEPT spectra (data not shown) obtained for Kp81, PCM-11, and 5505Δcps O-PSs contained signals for three (residues A, D, E), four (residues A, B, D, E), or five (residues A, B, C, D, E) major anomeric protons and carbons of α-d-Manp, respectively ( Fig. 3 , Table 1 ). Chemical shift values for the identified Manp were compared to respective residues reported previously for the pentasaccharide RU of K. pneumoniae O3 11, 12 . Additionally, methylphosphate (MeP) was identified on the basis of the presence of two sharp proton signals of methyl group (for Kp81: δ H 3.61, 3.63; δ C 53.7 ppm; for PCM-11: δ H 3.61, 3.63; δ C 53.9 ppm; for 5505Δcps: δ H 3.61, 3.63; δ C 53.8 ppm) as a doublet with J P,H of 11.0 Hz indicating its substitution by phosphate group (MeP). MeP group represents known modification at the non-reducing end of the O3 O-PS and serves as the signal for termination of the O-PS elongation 12 .
NMR spectra of O-PS of Kp81 indicated the presence of three α-d-Manp (residues A, D, E) as constituents of the O-PS RU and minor spin systems of Manp (residues A' , D' , E'). Residue A (δ H /δ C 5.36/101.4 ppm, 1 J C1,H1 172 Hz) was recognized as the →2)-α-d-Manp due high chemical shift value of C2 (δ C 79.0 ppm). Residue D (δ H / δ C 5.12/102.7 ppm, 1 J C1,H1 171 Hz) was recognized as the →3)-α-d-Manp due to the high chemical shift value of C3 (δ C 79.0 ppm). Residue E (δ H /δ C 5.04/102.8 ppm, 1 J C1,H1 172 Hz) was recognized as the →3)-α-d-Manp due to the high chemical shift value of C3 (δ C 78.7 ppm). The sequence of sugar residue in the Kp81 RU was confirmed by NOESY and HMBC experiments showing inter-residue connectivities between adjacent residues (Table 1) , which confirmed the trisaccharide RU structure →3)-E-(1 → 2)-A-(1 → 3)-D-(1→ (Fig. 3a , inset structure). 1 H, 31 P HMBC spectrum showed correlation of MeP group to H3 of residue E' (α-d-Manp3PMe). Additionally, 31 P, 1 H HMQC-TOCSY (data not shown) showed correlation of MeP group to H-2, H-3, H-4, H-5 of residue E' , supporting substitution of E' by MeP. Furthermore, residues A' (→2)-α-d-Manp) and D' (→3)-α-d-Manp) were identified and together with E' were found to be constituents of terminal RU at non-reducing end of the Kp81 O-PS. Complete structure of the Kp81 O-PS including biological RU and non-reducing end is presented in Fig. 3a .
Strain PCM-11 was originally deposited at the Polish Collection of Microorganisms (PCM) as a prototype K. pneumoniae O3:K11 strain, and it was expected to express the pentamannose RU 11 . However NMR spectra of O-PS of PCM-11 indicated the presence of four α-d-Manp (residues A, B, D, E) as constituents of the O-PS RU. Residue A (δ H /δ C 5.37/101.5 ppm, 1 J C1,H1 173 Hz) was recognized as the →2)-α-d-Manp due to the high chemical shift value of C2 (δ C 79.5 ppm). Residue B (δ H /δ C 5.30/101.5 ppm, 1 J C1,H1 173 Hz) was recognized as the →2)-α-d-Manp due to the high chemical shift value of C2 (δ C 79.4 ppm). Residue D (δ H /δ C 5.12/102.9 ppm, 1 J C1,H1 174 Hz) was recognized as the →3)-α-d-Manp due to the high chemical shift value of C3 (δ C 79.2 ppm). Residue E (δ H /δ C 5.03/102.9 ppm, 1 J C1,H1 173 Hz) was recognized as the →3)-α-d-Manp due to the high chemical shift value of C3 (δ C 78.9 ppm). The sequence of sugar residues in the PCM-11 RU was confirmed by NOESY and HMBC experiments showing inter-residue connectivities between adjacent residues (Table 1) , which confirmed the presence of tetrasaccharide RU structure →3)-E- Fig. 3b , inset structure). Additionally 1 H, 31 P HMBC spectrum showed correlation of MeP group to H3 of residue E' (α-d-Manp3PMe). Moreover, 31 P, 1 To differentiate from the original O3 pentamannose structures, the novel tetra-and tri-mannose RU structures have been designated as O3a and O3b, respectively.
Genetic comparison of different O3 strains. In order to substantiate the structures of the newly identified O3 subtypes, whole genome sequencing of 12 selected O3 strains with an average coverage of at least 170-fold was performed. The sequence reads were assembled into contiguous reads (contigs) and subsequently genes were annotated. The rfb (wb) clusters, encoding O-antigen synthesis and transport, were extracted from assembled contigs for each strain and translated into the corresponding amino acid sequences. Figure 4 shows the draft sequence alignment of each gene product encoded within the rfb loci in comparison to the published sequence (accession number: AB795941.1) encoding the archetype penta-mannose O3 RU 11 . Proteins responsible for the synthesis of mannose (ManC and ManB) as well as those responsible for the transport of polymerized O-antigens (Wzm and Wzt) showed high conservation in all variants. Similarly, enzymes encoded at the 3′ end of the operon (WbdB and WbdC) directing the synthesis of the di-saccharide adaptor for O-antigen ligation were well-conserved. In contrast, significantly lower homologies were found in WbdD and WbdA responsible for the synthesis of RUs and the termination of the RU polymers. Although the amino acid sequences of WbdA from O3 and O3a were found relatively similar (97%), the C80R point mutation that had been reported in the analogous E. coli O9a isolates, but not in E. coli O9 16 , was found in the K. pneumoniae O3a WbdA. This amino acid replacement was used as a surrogate for the structural difference between O3 and O3a subunits. Interestingly, the same amino acid replacement was also shown in WbdA of O3b, however, it was accompanied by a significantly higher sequence variability in the entire protein (76.6% homology between O3 and O3b WbdA proteins). The lowest homology was found in the WbdA N mannosyltransferase domain (70.4%) that generates the 1-2 linkage between mannosyl residues (Suppl. Fig. 2 ). The other mannosyltransferase domain WbdA C , responsible for the 1-3 linkage, was relatively well-conserved (87.7% homology), except for the region critical for the interaction between WbdD and WbdA (Val 548 -Ile 568 ; ref. 19 ). In good agreement with this, the overall similarity of the WbdD variants of O3 and O3b was found to be as low as 57.8%. Alignment of the individual domains (Suppl. Fig. 3 ) of WbdD showed, that compared to the methyltransferase domain (72.6%), the kinase domain shows a lower level of homology (48.7%). Importantly, when comparing the rfb/wb locus of the sequenced clinical isolates expressing O3 or O3b O-antigen, high level of homology was observed among the same serotypes; even alignment of the WbdA and WbdD proteins showed no or minimal differences (Suppl. Figs 2 and 3). When drawing relational dendograms for WbdA and WbdD, strains with the same O3 subtype clustered together ( Fig. 4b and c) .
Interestingly, the two genotypes of O3 rfb operons (i.e. "long" and "short" forms) recently described by Follador et al. 5 matched very well with the O3 and O3b sequences described here (overall nucleotide homology 99.24% and 98.99%).
Seroepidemiology of O3 subtypes.
A total of 31 K. pneumoniae O3 isolates deriving from different geographical locations and clinical specimens were genotyped and phenotyped using specific PCRs and reactivity to the newly identified anti-O3 antibodies, respectively ( Table 2) . As expected, all strains could be identified by pan-O3 specific primers that amplify a serogroup specific gene fragment of wzm, which is conserved in all subtypes of the O3 serogroup. Expression of any of the O3 subtype antigens was confirmed by binding to the cross-reactive mAb 2F8. O3b strains were differentiated from the other two serotypes (i.e. O3 and O3a) by serogroup-specific PCR reactions designed based on the sequence divergence of rfb loci and by lack of binding by mAb 1G6. Besides the detection of the substantially weaker binding of mAb 1G6 to O3 compared to O3a strain(s) both by immunoblot (data not shown) and by flow cytometry (Suppl. Fig. 1 ), sequencing of wbdA amplicons was also used to differentiate between O3 and O3a based on the polymorphism at amino acid position 80. As shown in Table 2 , however, none of the non-O3b clinical isolates carried the C80R mutation, hence the only K. pneumoniae strain in this collection belonging to the O3a subtype was strain PCM-11. To rule out the possibility that PCM-11 is indeed not a K. pneumoniae isolate, the species was confirmed at the Polish Collection of Microorganisms by MALDI Biotyper ® and by biochemical analysis (with 95% likelihood to belong to taxon K. pneumoniae subsp. pneumoniae).
Interestingly, the novel type O3b outnumbered (71%) the classical O3 serotype strains (29%). The novel O3b variant was found among samples from different geographical and specimen origin suggesting a broad distribution of this subtype. The PCR reactivity designed to distinguish O3 and O3b isolates, fully matched the phenotypic analysis performed with the mAbs except for one strain (Kp116), which did not react with any of the mAbs tested.
Survival of O3 and O3b isolates in human serum.
To explore the possibility that the dominance of the O3b subtype strains in our clinical collection originates from higher virulence of this subgroup, we compared survival of six O3, the single O3a and seven O3b strains in a serum pool prepared from 6 healthy individuals (Fig. 5) . Importantly, neither an overall association between serum survival pattern and O3 subtype (Fig. 5a ) nor a significant difference in pre-existing IgG and IgM titres against O3 versus O3b strains was detected (Fig. 5c ). At higher serum concentrations (50 and 75%) -irrespective of the O3 subtype -all but two strains were killed within 3 hours, confirming susceptibility of the isolates to human serum, particularly when compared to a serum resistant K. pneumonia O1:K2 isolate (K. pneumoniae ATCC43816). At lower serum concentrations, however, significant differences in the degree of susceptibility were observed; the majority of the strains were highly sensitive even to 10 and 25% human serum, while other strains (e.g. Kp28 and LA-KP28) showed limited growth in 10% human serum, although their survival rapidly decreased at higher serum concentrations. Interestingly while Kp28 and Kp107 belonged to the same O-antigen and capsule serotype (O3b:K51), they showed marked difference in susceptibility to low serum concentration; e.g. in 10% human serum 160% versus 1.1% of the initial inoculum survives, respectively. In some instances, significant bactericidal activity of the complement-inactivated serum was observed (Fig. 5b) , implying the importance of non-complement serum components targeting these isolates. In accordance with this, the susceptibility pattern of the clinical strains to the serum pool did not correlate with the corresponding antibody titre as measured by flow cytometry (Fig. 5c ).
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Discussion
The widespread and increasing drug resistance seen in K. pneumoniae calls for the development of novel, non-antibiotic therapeutic approaches, including active and passive immunization. Strains resistant to all classes of currently available antibiotics were recently described that project the arrival of the post-antibiotic era. Molecular targets of active or passive immune strategies are restricted by the bulky capsular polysaccharide masking most surface antigens of Klebsiella. Different classes of LPS O-antigens, however, were validated to Figure 5 . Serum survival of K. pneumoniae strains. Strains were incubated in different concentrations of human serum (a) or 75% serum complement-inactivated by heat (HI) or cobra venom factor (CVF) treatment (b) for 3 h at 37 °C. The recovered bacterial count was expressed as percentage of the initial inoculum. ATCC43816 (O1:K2) and PCM-27 (O2:K27) strains were used as comparators.Graphs show combined results of 2 and 3 experiments for the active and heat inactivated serum experiments, respectively. The same O3 isolates were stained with 10% human serum pool and IgG and IgM antibodies binding to live bacteria were detected with a labelled anti-human IgG or IgM by flow cytometry (c). The median fluorescent intensity is shown as arbitrary units. The difference between the staining intensity for O3 and O3b strains was not significant using the Mann Whitney test (p > 0.05; n.s.). O-serotype and capsule type of the strains are indicated in Table 2 .
be accessible for antibodies 7, 20, 21 based on bactericidal effector functions 7, 8 . This study also corroborated the exposure of K. pneumoniae O-antigens by demonstrating intense surface staining with O3-specific mAbs in the presence of different capsular polysaccharides.
Another important factor that makes K. pneumoniae O-antigens attractive targets for antibody-based approaches is their limited variability. A recent in silico study analysing over 600 strains showed that 85% of the isolates belonged to one of the three most common O-antigen types, i.e. O1, O2, and O3 5 . These data are in very good agreement with the seroepidemiology results described decades ago in two large independent studies 3, 6 . Importantly, however, while the O1 serogroup appears to be antigenically conserved, several subserotypes of the O2 serogroup were suggested to originate from the non-stoichiometric modification of the galactan backbone with various side groups 22 . One of these O2 subtypes -that was shown recently to be associated with the epidemic KPC-producing ST258 clone 21 -was described as an antigenically separate serotype 21, 22 .
In this work, we focused on the characterization of variants within the O3 serogroup. We have reported 3 subtypes of the O3 serogroup that differ in the number of mannose residues within the O-antigen RU. The structure of the archetype K. pneumoniae O3 RU, which is identical to that of E. coli O9 and Hafnia alvei PCM 1223, was described decades ago 9 as a pentamannose structure. Additionally, in the case of E. coli O9, a subtype with tetramannose RU was also identified 16 . This represents an antigenically distinct structure based on different reactivity to mAbs 23 and hence was termed serotype O9a. The O9a variant was suggested to originate from recombination of corresponding K. pneumoniae sequences into the rfb(wb) operon of the O9 archetype strain 24 . Later, a single point mutation (C80R) within wbdA encoding the bifunctional mannosyltransferase was proven to be responsible for the switch from the penta-to the tetramannose RU structures 16 . The tetramannose structure corresponding to E. coli O9a has not been described in K. pneumoniae before. This work could find only one strain with this structure, which is proposed to be termed O3a in order to conciliate the nomenclature with corresponding E. coli O-antigens. The O3a strain carried the point mutation described to be essential for the synthesis of the tetramannose RU. Furthermore, this study has introduced an additional novel subtype that expresses tri-mannose RUs designated as the O3b subtype. Besides carrying the point mutation encoding the amino acid substitution C80R, the whole O3b WbdA enzyme showed significant divergence from that of O3. An even higher sequence variability was found within WbdD. The two different variants of these two genes were also described in a recent study performing in silico analysis of whole genome sequencing data 5 . Given that WbdA and WbdD form a complex for the concerted elongation and termination of O-antigen chains, these simultaneous mutations are not surprising. The WbdA-D machinery has probably co-evolved to maintain the optimal chain length of the novel O3b type. Based on staining of purified LPS molecules, the overall length (size) of the O3b chains is somewhat shorter than the O3 chains. Given, however, the 40% smaller RU size, the modal distribution, i.e. the average number of RU within the O-antigen chain, appears to be maintained.
The O-antigen of all O3 variants described in this study are terminated by MeP groups. This justifies the conservation of genes encoding the transfer of terminated chains, since the transport machinery is specific for the chain terminator group 18, 25 . It is tempting to speculate that this conserved terminator group constitutes part of the epitope of the cross-reactive mAbs, however, this still awaits to be addressed experimentally.
The analysis of distribution of the different subtypes within K. pneumoniae O3 serogroup revealed that the novel O3b type outnumbered the clinical isolates expressing the pentamannose RU structure. The same conclusion was drawn by the authors of the recent in silico epidemiology study 5 . The current high prevalence of O3b and the fact that this subtype has not been described earlier (neither among K. pneumoniae O3 nor among E. coli O9 serogroup isolates) suggests a recent emergence. Nevertheless, we could find O3 strains from various clinical samples isolated at three different continents representing a global distribution. The worldwide spread in spite of the proposed recent emergence suggests an evolutionary advantage through the expression of the O3b mannan antigen. The novel O-antigen type may afford higher fitness/virulence or alternatively serve as an immune evasion strategy to overcome pre-existing antibody titres against common mannan structures. In order to address these questions experimentally, we compared serum resistance of a panel of O3 and O3b strains. In general, with a few exceptions, most isolates were serum susceptible at high serum concentrations. At lower serum concentration, however, significant differences in survival were observed. Importantly, there was no clear association between the O-antigen type and the resistant phenotype. Interestingly, two isolates of the same serotype (O3b:K51) showed clear difference in serum resistance suggesting that other factors besides O-and K-antigens may play an important role in serum resistance. To test the second hypothesis, i.e. that newly emerging O-types face lower pre-existing antibody levels and consequently could serve as immune evasion strategy, flow cytometry was performed with a collection of O3 and O3b strains. No significant difference in the amount of specific IgG or IgM titres could be detected by surface staining of O3 and O3b strains 11 . Anyhow, since serum antibody titres against a given strain did not correlate with its survival, serum mediated killing likely does not mainly rely on the classical complement pathway. Further studies are needed to elucidate the importance of different O3 subtypes in the evolution of K. pneumoniae virulence.
The phenotypic and genotypic tools used in our epidemiology study (i.e. reactivity to specific mAbs, PCR and sequencing) correlated very well, confirming that the observed sequence divergence can be used as surrogate for the structural differences. Consequently, for sero-epidemiology studies PCR appears to be a reliable tool with the limitation of potentially missing rough strains. A PCR-based O-serotyping has been described to distinguish between the traditionally known 9 serotypes 26 . Complementing this set with primers distinguishing O3b from O3 could further discriminate the different subserotypes.
The mAbs described in this study may have importance beyond diagnostic applications. As described above, passive immunization with a cocktail of O-antigen specific mAbs is envisioned to provide a reasonable coverage against the vast majority of K. pneumoniae isolates. Nevertheless, the number of mAbs in the cocktail is a critical factor both in terms of regulatory complexity and production costs. Serogroup O3 is one of the major O-antigen types in Klebsiella, and therefore cannot be excluded from a broad-spectrum approach. The existence of different antigenic subtypes within serogroup O3, however, requires the use of cross-reactive antibodies to cover all subtypes. Here, we provide evidence that mAbs with cross-reactive potential to O3-O3a-O3b strains can be developed. While our results demonstrate that the target O-antigens of live bacteria, irrespective of their O3 or capsular polysaccharide type, are accessible to a cross-reactive antibody, further studies should evaluate the protective efficacy of the antibody in in vitro and in vivo experimental models.
Materials and Methods
Bacterial strains. PCM Bacteria were routinely grown in LB broth. Clinical isolates were cultured on either chromID ® CARBA SMART or chromID ® ESBL plates (Biomérieux, France). Non-resistant strains were cultured on chromID ® CPS ® elite plates or on TSA plates (both from Biomérieux, France). PCM-11 was biochemically characterized using the API 20E kit (Biomérieux, France) and the results were analysed by the APIwebTM software (Biomérieux, France).
Mouse immunizations were performed using strain PCM-11. K. pneumoniae strains Kp81, PCM-11, and 5505Δcps (representatives of the different subtypes) were used for biochemical analysis. Antibody discovery. [6] [7] [8] weeks old female BALB/c mice were immunized with a sublethal dose (10 7 CFU) of live K. pneumoniae O3a (PCM-11) intravenously. Following two subsequent booster immunizations each two weeks apart, O3-specific titres were determined from test sera by ELISA using a purified biotinylated O-antigen (deriving from 5505Δcps). Mice showing the highest specific titres received a final boost with formalin-killed whole bacterial cells and 4 days later the splenocytes were fused to generate murine hybridomas at the Monoclonal Antibody Facility of the University of Vienna. Specific clones were selected by testing supernatants of subcultured hybridoma clones in ELISA and flow cytometry. Poly-reactive clones were counter-selected using unrelated K. pneumoniae O-antigens (ELISA) and bacterial cells (flow-cytometry). Isotype of the selected mAbs was determined with the Quick Kit for mouse monoclonal isotyping (Sigma), showing that mAbs 1G6 and 2F8 belong to IgG1 and IgG3 isotypes, respectively. Animal experiments were reviewed and approved by the Arsanis Animal Welfare and Ethics Committee and performed according to Austrian Law (BGBl. I Nr. 114/2012) as approved by the respective competent authority (Magistratsabteilung 58, Vienna, Austria) under the animal testing permit (M58/005326/2012/5).
PCR and primers.
The primers used to identify the different O3 subtypes are shown in Table 3 . Template DNA was purified from o/n bacterial cultures with the DNeasy blood & tissue kit (Qiagen). GoTaq ® Green Master Mix (Promega) was used to amplify fragments in an Eppendorf Mastercycler Pro Thermal Cycler. Amplicons were visualized in a 1% agarose (Fisher Scientific) gel containing 0.8% GelRed ™ Nucleic Acid stain (Biotum). The wbdA amplicon of O3/O3a strains was purified from agarose gel using the QIAquick Gel Extraction Kit (Qiagen) and was Sanger sequenced with the wbdA fw and rev primers at Microsynth Austria GmbH. Sequencing results were analysed with CLC Main Workbench 6.7.1.
LPS preparation.
LPS was isolated by the hot phenol/water method and purified by dialysis and ultracentrifugation as previously described 27 . The O-specific polysaccharides (O-PS) and different oligosaccharide components were released by mild acidic hydrolysis (1.5% CH 3 COOH, 20 min., 100 °C) and fractionated as previously described 27 . Obtained poly-and oligosaccharides were fractionated by gel filtration on Bio-Gel P-10 (-400 mesh) (Biorad, USA) or HW-40F (Tosoh Bioscience LLC, USA) yielding fractions 1a, 1b, 1c, 2, 3 and 4, as previously described 27 . For immunoblotting, small scale LPS preparations were performed using a commercial kit (Intron).
O-PS structural analysis.
Methylation and sugar analyses of O-PS (1a fractions) were performed as described earlier 27 according to the method described by Ciucanu and Kerek 28 . NMR spectra of O-PS (1a fractions) were obtained using an Avance III 600 MHz (Bruker BioSpin, Germany) spectrometer equipped with a 5 mm QCI cryoprobe with z-gradients. NMR spectra of isolated O-PSs were obtained for D 2 O solutions at 25 °C using acetone as an internal reference (δ H /δ C 2.225/31.05 ppm), processed and analyzed as Flow cytometry. Bacteria at mid-log phase of growth were washed and reacted (2 × 10 6 CFU per reaction) with O3 specific mouse mAbs (40 µg/ml) or with 10% human serum pool in HBSS buffer with 0.5% BSA followed by staining with 4 μg/ml of Alexa Fluor ® 488-conjugated goat anti-mouse IgG, anti-human IgG or anti-human IgM secondary antibodies (Thermo Scientific). Bacteria were counterstained with 5 μM SYTO-62 nucleic acid stain (Thermo Scientific) and measured in a CytoFlex Flow Cytometer (Beckman Coulter). Data were analysed using the FCS Express software version 5 (De Novo Software).
Serum survival. Serum samples from Blutzentrale Linz and Vienna (Austria) were collected from 6 volunteers and equal volumes of the individual sera were pooled to generate a normal human serum pool. Serum samples were kept frozen at −80 °C. Complement was inactivated either by incubating the serum at 56 °C for 60 min (heat inactivated) or by incubating with 2 U/ml Cobra Venom Factor (Quidel) at 37 °C for 60 minutes. In the serum survival assay, 3-5 × 10 4 CFU/ mL of mid-log phase bacteria were incubated at 37 °C in 10, 25, 50 or 75% serum and plated at 3 h time-point. The recovered CFU was correlated to the initial inoculum as determined by colony counting after plating. Genome sequencing. Mid-log (OD 600nm ~0.5) cultures of bacteria were harvested and DNA was extracted using Genomic-tip 100/G and Genomic DNA buffer set (Qiagen) according to the manufacturer's instruction specific to bacteria. The quality of the genomic DNA was assessed using the Fragment Analyzer (AATI, USA). Samples passing quality control were further processed using automatic library preparation method (GATC Biotech) and sequenced on a HiSeq. 2500 (Illumina) with 50 bp or 100 bp paired-end mode. On average 18 million read pairs and an average coverage of 341x was achieved. The sequence reads were assembled using CLC bio (Qiagen) into long contiguous sequences. The genes encompassing the rfb operon -manC, manB, wzm, wzt, wbdD, wbdA, wbdB, wbdC were extracted from the archetype O3 strain 636/52 (AB795941.1), translated into the amino acid sequence and used for O3 antigen screening. The homology of the amino acid sequence to the archetype was calculated and used for generating the heatmap using the R package hclust. Multiple alignments of WbdD protein sequences were constructed using progressive alignment method where multiple alignments are built through the successive construction of pairwise alignments. Based on pair-wise distances of multiple protein alignments, a phylogenetic tree was constructed using UPGMA (Unweighted Pair Group Method using Arithmetic averages) clustering algorithm. Similar method was applied to generate phylogenetic trees for WdbA.
In silico capsular prediction was performed by screening the isolates for 79 various capsular polysaccharide synthesis (cps) regions published recently 30 . The whole genome sequence reads from isolates were mapped to all 79 cps types and the respective cps region coverage was computed. The result of the cps mapping is shown in the Supplementary Table 1 . To those isolates which showed coverage >95% of a specific cps region, a capsule type (K-type) was assigned ( Table 2) .
The assembled rfb operons from PMC-11 and Kp81 were deposited to NCBI's GenBank database (Accession IDs: KY652949 and KY652950 respectively). Whole genome sequencing reads from 13 O3 isolates were deposited to NCBI's sequence read archive (SRA) under the bioproject ID: PRJNA375798 and the samples specific accession numbers are listed in Table 2 .
